Introduction
============

Hepatocellular carcinoma (HCC) is a primary liver cancer with a high mortality rate ([@b1-ijo-57-03-0780]). In recent years, the incidence of liver cancer has not only increased, but also exhibits a tendency to occur in young individuals ([@b2-ijo-57-03-0780]). Due to the strong compensatory function of the liver and the structural features of blood supply, liver tumors grow rapidly and are prone to metastasis ([@b3-ijo-57-03-0780]). Therefore, these tumors are clinically diagnosed mostly during the mid and late stages of the disease, when the opportunity for surgical resection has been missed and the prognosis is poor. Surgical resection and liver transplantation are the main treatment methods for HCC ([@b4-ijo-57-03-0780]), but intrahepatic metastasis and recurrence after surgery adversely affect the prognosis of HCC patients. Liver transplantation is often limited by a shortage of liver donors. Therefore, it is crucial to explore new methods to treat HCC based on traditional surgery, chemotherapy, radiotherapy, and other treatment strategies.

In recent years, there have been several reports on the development of new delivery systems for traditional chemotherapeutic drugs, such as cytotoxic drugs, new drugs for gene and molecular targets, and their various combinations ([@b5-ijo-57-03-0780],[@b6-ijo-57-03-0780]). However, due to the resistance of a small proportion of HCC stem cells against chemotherapeutic drugs, almost all currently investigated drugs have failed. Glucocorticoids are a type of anti-inflammatory drug that is widely used in the clinical setting to relieve symptoms in patients with advanced liver cancer, and have demonstrated certain therapeutic effects ([@b7-ijo-57-03-0780]-[@b9-ijo-57-03-0780]). However, to date, the therapeutic effect and synergistic mechanism of action of glucocorticoids combined with chemotherapeutic drugs for the treatment of patients with HCC remain unclear.

Accumulating studies have demonstrated that hypoxia-inducible factor (HIF)-1α increases the tolerance of tumor stem cells to a hypoxic microenvironment by upregulating the expression of vascular endothelial growth factor, which is considered to be one of the major mechanisms of chemotherapy resistance in cancer stem cells ([@b10-ijo-57-03-0780]-[@b12-ijo-57-03-0780]). The persistent and stable presence of HIF-1α in the cytoplasm under hypoxic conditions depends on its degree of conjugate binding to small ubiquitin-like modifier (SUMO) ([@b13-ijo-57-03-0780],[@b14-ijo-57-03-0780]). Similarly, the function of Oct4, a crucial stemness maintenance protein, is also dependent on SUMO modification ([@b15-ijo-57-03-0780],[@b16-ijo-57-03-0780]). SUMO4 is hardly expressed in hepatocytes ([@b17-ijo-57-03-0780]) and the SUMO modification caused by SUMO2 and SUMO3 mainly occurs when cells respond to acute stress ([@b18-ijo-57-03-0780]). Therefore, in the present study, only SUMO1 was assessed in order to analyze the effects of glucocorticoids on the stemness maintenance potential of HCC stem cells and the mechanism of chemotherapy resistance from the perspective of SUMOylation of these two important proteins, and to provide new targeted treatment options for HCC stem cells.

Materials and methods
=====================

HCC stem cell sorting
---------------------

The human-derived HCC cell line Hep3B was purchased from the American Type Culture Collection. The culture medium was DMEM supplemented with 10% FBS, 100 U/ml penicillin and 100 *µ*g/ml streptomycin (all from Gibco; Thermo Fisher Scientific, Inc.). The cells were cultured at 37°C with 5% CO~2~. To collect HCC stem cells, Hep3B cells were routinely digested and resuspended in staining buffer (BioLegend, Inc.) at 1×10^7^ cells/ml, followed by incubation with phycoerythrin-CD133 (cat. no. 130-080-801; 1:11; Miltenyi Biotec GmbH) and fluorescein isothiocya-nate-CD44 (cat. no.11-0441-82; 1:1,000; eBioscience; Thermo Fisher Scientific, Inc.) antibodies at 4°C for 30 min. The stained tumor cells were collected by a flow cytometer (BD Immunocytometry Systems) and cultured in DMEM/F12 containing 1X B27 (Invitrogen; Thermo Fisher Scientific, Inc.), 20 ng/ml basic fibroblast growth factor (Miltenyi Biotec GmbH) and 20 ng/ml epidermal growth factor (Provitro Biosciences LLC) at 37°C and 5% CO~2~.

HCC stem cell identification
----------------------------

After the collected cells had been cultured for 48 h, HCC stem cell markers \[sex-determining region Y-box2 (SOX2) and the octamer-binding transcription factor 4 (Oct4)\] were detected by immunofluorescence. Briefly, cell-laden coverslips were soaked in 4% paraformaldehyde at 4°C for 30 min. After the cells were permeabilized with 0.5% Triton X-100 and blocked in 5% BSA (Sigma-Aldrich; Merck KGaA) for 1 h, they were incubated with antibodies against SOX2 (1:200, ab137385; Abcam) or Oct4 (1:200, ab18976; Abcam) overnight at 4°C. On the following day, the cells were washed and incubated with Alexa Fluor 488-conjugated anti-rabbit IgG H&L (1:500, ab150080; Abcam) for 1 h at room temperature. Finally, the nuclei were counterstained with DAPI, and the fluorescence signal was captured under a fluorescence microscope (XF-73; Olympus Corporation) at a magnification of ×200.

Sphere formation assay
----------------------

HCC stem cells (1×10^3^ cells/ml) were seeded in a 24-well culture plate containing a poly-lysine-coated coverslip and cultured for 7-10 days in DMEM/F12 medium containing 1X B27, 20 ng/ml basic fibroblast growth factor, and 20 ng/ml epidermal growth factor with low-dose (1×10^−7^ M), high-dose (1×10^−5^ M), or no dexamethasone (Dex) (D4902; Sigma-Aldrich; Merck KGaA). Suspended cloned spheres with diameters \>50 *µ*m were counted under an inverted microscope (cell Sens Entry 1.16; Olympus Corporation) at magnifications of ×40 and ×400.

Cytotoxicity assay
------------------

To assess the side effects of various concentrations of Dex, mouse-derived bone marrow mesenchymal stem cells (BMSCs; Central Laboratory of The Fifth Central Hospital of Tianjin) were used. BMSCs were incubated in DMEM with 10% FBS, 100 U/ml penicillin and 100 *µ*g/ml streptomycin with low-dose (1×10^−7^ M), high-dose (1×10^−5^ M), or no Dex for 72 h. Then, cell morphology was observed and lactate dehydrogenase (LDH) content in the culture supernatant was measured by an LDH Activity Assay Kit (Yuanmu Biotechnology Co., Ltd.), according to the manufacturer\'s instructions.

Western blotting
----------------

Total protein was extracted from cells by incubation in RIPA buffer (Beijing Solarbio Science & Technology Co., Ltd.) supplemented with 1 mM phenylmethanesulfonyl fluoride and 20 mM N-ethylmaleimide, as previously reported ([@b19-ijo-57-03-0780]). Then, 100 *µ*g proteins were separated by 10% SDS-PAGE and then transferred onto a PVDF membrane (EMD Millipore, Inc.). Then, the membrane was blocked in 5% BSA (Sigma-Aldrich; Merck KGaA) at room temperature for 1 h and incubated with the specific antibodies against SOX2 (ab137385; Abcam; 1:1,000), Oct4 ab18976; 1:1,000), SUMO1(ab11672; Abcam; 1:1,000), HIF-1α (ab216842; Abcam; 1:500), vimentin (5741; Cell Signaling Technology, Inc.; 1:1,000), E-cadherin (610404; BD Biosciences; 1:500) and β-actin as an internal control (ab8227; Abcam; 1:1,000). The gray value of the bands was quantified by ImageJ image analysis software, version 1.48 (National Institutes of Health).

Wound healing assay
-------------------

HCC stem cells were seeded into a 6-well plate at of 0.25×10^6^ cells per well and cultured in DMEM/F12 at 37°C with 5% CO~2~, as previously reported ([@b20-ijo-57-03-0780]). When the confluence of the cell monolayer cells had reached \~95%, a scratch \~1 mm wide was created using a 200-*µ*l pipette tip. Then, the cells were treated with or without 1×10^−7^ M Dex. Images were captured at 0 and 24 h, an image was captured under an inverted microscope (cellSens Entry 1.16; Olympus Corporation) at a magnification of ×200 and the distance between the edges of the scratch was measured by Image-Pro Plus 6.0 software (Media Cybernetics, Inc.).

Invasion assay
--------------

Cell invasion was assessed using a 24-well Transwell culture chamber with a filter pore size of 8 *µ*m. Briefly, HCC stem cells (1×10^4^ in 100 *µ*l medium with or without 1×10^−7^ M Dex) were seeded into the upper chamber precoated by Matrigel (1:3; BD Biosciences) at 37°C overnight, and DMEM containing 10% FBS was placed in the lower chamber. After incubation at 37°C for 48 h, the cells invading to the lower surface of the membrane were stained with 0.2% crystal violet solution at room temperature for 10 min. Then, the number of migrated cells was counted under an inverted microscope (cellSens Entry 1.16) at a magnification of ×200.

Angiogenesis assay
------------------

The bottom of a 96-well plate was precoated with a 2-mm layer of semi-solid Matrigel (1:3; BD Biosciences) at 37°C overnight. Then, HCC stem cells (0.25×10^6^/well) were seeded on the surface of the gel in 0.1 ml medium with or without 1×10^−7^ M Dex. After incubation at 37°C for 96 h, formation of blood vessels was observed under an inverted microscope (cellSens Entry 1.16) at a magnification of ×200.

Apoptosis assay
---------------

Hep3B cells with stable herpes simplex virus thymidine kinase (HSVtk) gene transduction were provided by the Central Laboratory, The Fifth Central Hospital of Tianjin (Tianjin, China). The cells were seeded in 24-well plates with DMEM containing 1 mg/ml ganciclovir (GCV; cat. no. Y0001129; Sigma-Aldrich; Merck KGaA). After 24 h, the cells were harvested and apoptosis was analyzed by flow cytometry using an Annexin V-FITC/PI Apoptosis Detection kit (Invitrogen; Thermo Fisher Scientific, Inc.) according to the manufacturer\'s instructions. Briefly, the cells were washed twice with cold PBS and then resuspended in binding buffer. Subsequently, 100 *µ*l of the solution was supplemented by 5 *µ*l FITC Annexin V and 5 *µ*l PI. The cells were incubated for 15 min at 25°C in the dark. The experimental data were analyzed by flow cytometry within 1 h.

Immunofluorescence
------------------

HCC stem cells were cultured on glass coverslips with or without 1×10^−7^ M Dex at 37°C for 48 h. The expression of target proteins was detected by immunofluorescence with anti-SUMO1 (1:300, ab11672; Abcam), anti-HIF-1α (1:100, ab216842; Abcam), or anti-Oct4 (1:100, ab18976; Abcam) antibodies.

Gene transduction
-----------------

The transfer vector pWPXLD-GFP-HA-SUMO1 or pWPXLD-GFP or overexpressing vector for SUMO1/sentrin-specific peptidase 1 (pWPXLD-His-SENP1) or pWPXLD-His (Biogot Technology, Co., Ltd.), the packaging plasmid psPAX2 (Addgene, Inc.), and the envelope plasmid pMD2.G (Addgene, Inc.) were transfected into 293T cells at the ratio of 4:3:1 for production of lentiviral particles. Lipofectamine 2000™ (Thermo Fisher Scientific, Inc.) was used as the transfection reagent, and the ratio of transfection reagent to plasmid was 1:2.5. The supernatant was filtered through a 0.45-*µ*m filter and was concentrated by passing through an ultrafiltration tube (EMD Millipore). The concentrated virus was used to infect Hep3B cells with 20-30% confluence (5-10^5^ cells) in a 60-mm dish with 8 mg/ml polybrene. After 48 h, western blotting was used to verify the gene transduction efficiency. The extent of cellular phenotypic changes was detected by the methods mentioned above.

Xenograft tumor assay
---------------------

All animal experiments in the present study met the ethical requirements of the Animal Ethics Committee of Tianjin Fifth Central Hospital (Tianjin, China). The mice were kept at the Experimental Animal Center of The Fifth Central Hospital of Tianjin that conforms to international certification standards. A total of 50 BALB/c female athymic mice (aged 6 weeks and weighing 14-16 g) were injected subcutaneously with 5×10^6^ HSVtk/Hep3B stem cells. When the subcutaneous tumor volume approached 100 mm^3^, the mice were randomly assigned to five experimental groups (n=10) that received vehicle, SUMO1 plasmid (10 mg/kg), Dex (10 mg/kg), or combined SUMOl plasmid and Dex, while GCV (15 mg/kg) was injected intraperitoneally every other day up to 28 days. The longest and shortest diameters of the tumor were measured every 3 days using vernier calipers, and the tumor volume was calculated using the formula: V = L × W2 × 0.5 (L, length; W, width). On the 28th day, the mice were euthanized with CO~2~ gas in sealed chambers at a flow rate of 25% volume/min. The tumors were resected and apoptosis was detected using an in situ cell death kit (Roche Diagnostics), according to the manufacturer\'s protocol.

Statistical analysis
--------------------

All experiments were repeated at least three times. The data were analyzed using GraphPad Prism 6 (GraphPad Software, Inc.). Measurement data are presented as means ± SD. Comparisons between two groups were analyzed using Student\'s t-test. Differences among multiple groups was analyzed by one-way ANOVA followed by Tukey\'s post hoc test. P\<0.05 was considered to indicate statistically significant differences.

Results
=======

Successful isolation and identification of HCC stem cells
---------------------------------------------------------

CD133^+^/CD44^+^ cells sorted by flow cytometry were capable of forming a large number of suspended cloned spheres. Conversely, other cells (including CD133^−^/CD44^−^, CD133^+^/CD44^−^ and CD133^−^/CD44^+^ cells) were almost unable to form cloned spheres ([Fig. 1A](#f1-ijo-57-03-0780){ref-type="fig"}). Immunofluorescence and western blot analysis demonstrated that the CD133^+^/CD44^+^ cells expressed both SOX2 and Oct4, whereas the other cells hardly expressed the two stem cell markers ([Fig. 1B and C](#f1-ijo-57-03-0780){ref-type="fig"}). These results confirmed that the collected CD133^+^/CD44^+^ cells were HCC stem cells.

High-dose Dex damages mesenchymal stem cells and produces strong side effects
-----------------------------------------------------------------------------

High doses of Dex are often used with caution due to the severe clinical side effects ([@b21-ijo-57-03-0780]). According to the shape of the HCC stem cell cloned sphere, although low doses of Dex increased the adhesion of the cloned spheres to the bottom of the culture dish, they did not appear to significantly induce differentiation or aging of these cells. However, high doses of Dex significantly increased adhesion and aging of HCC stem cells ([Fig. 2A](#f2-ijo-57-03-0780){ref-type="fig"}). Next, the toxicity of various doses of Dex against BMSCs was examined. The results demonstrated that low-dose Dex changed the morphology of BMSCs, mainly from spindled to polygonal, whereas high-dose Dex caused significant aging ([Fig. 2B](#f2-ijo-57-03-0780){ref-type="fig"}). The results of cytotoxicity assays demonstrated that low doses of Dex slightly increased the LDH content in the culture supernatant of BMSCs, whereas high doses of Dex significantly increased the LDH levels ([Fig. 2C](#f2-ijo-57-03-0780){ref-type="fig"}).

Low doses of Dex suppress the malignant behavior of HCC stem cells and increase chemosensitivity
------------------------------------------------------------------------------------------------

SOX2 and Oct4 are involved in stemness maintenance of HCC stem cells ([@b22-ijo-57-03-0780]). The results of the present study demonstrated that Dex reduced the protein levels of SOX2 and Oct4, suggesting that low-dose Dex reduced the stemness maintenance potential of HCC stem cells ([Fig. 3A](#f3-ijo-57-03-0780){ref-type="fig"}). Elevated vimentin protein levels and decreased E-cadherin protein levels are important markers of epithelial-to-mesenchymal transition (EMT) ([@b23-ijo-57-03-0780]). Our results demonstrated that Dex reduced vimentin levels, while it increased E-cadherin levels, suggesting that low-dose Dex inhibited EMT of HCC stem cells ([Fig. 3A](#f3-ijo-57-03-0780){ref-type="fig"}). Next, the effect of low-dose Dex on the malignant behavior of HCC stem cells was examined. Low-dose Dex suppressed the malignant behavior of HCC stem cells, including self-repair ([Fig. 3B and E](#f3-ijo-57-03-0780){ref-type="fig"}), invasion ([Fig. 3C and F](#f3-ijo-57-03-0780){ref-type="fig"}), neovascularization ([Fig. 3D](#f3-ijo-57-03-0780){ref-type="fig"}) ability, and increased the sensitivity of HCC stem cells to HSVtk/GCV treatment ([Fig. 3G and H](#f3-ijo-57-03-0780){ref-type="fig"}).

Low doses of Dex reduce SUMOylation of target proteins and inhibit nuclear translocation of HIF-1α and Oct4
-----------------------------------------------------------------------------------------------------------

SUMO modification usually acts by stabilizing the target protein structure and inhibiting degradation and the shift from the cytoplasm to the nucleus by antagonizing ubiquitination modification ([@b24-ijo-57-03-0780]-[@b26-ijo-57-03-0780]). In the present study, how Dex affects the SUMOylation of target proteins was investigated. The results demonstrated that low doses of Dex significantly reduced the covalent modification of target proteins ([Fig. 4A](#f4-ijo-57-03-0780){ref-type="fig"}). HIF-1α and Oct4 are two confirmed SUMO1 target proteins ([@b27-ijo-57-03-0780],[@b28-ijo-57-03-0780]). Therefore, the effects of Dex on HIF-1α and Oct4 protein expression were examined. The results demonstrated that low-dose Dex significantly reduced the expression of HIF-1α and Oct4 proteins ([Fig. 4A](#f4-ijo-57-03-0780){ref-type="fig"}), while it inhibited their translocation from the cytoplasm to the nucleus ([Fig. 4B and C](#f4-ijo-57-03-0780){ref-type="fig"}).

Overexpression of SUMO1 slightly affects the malignant phenotype of HCC stem cells
----------------------------------------------------------------------------------

The effects of SUMO1 overexpression on the malignant phenotype of HCC stem cells were next examined. The results demonstrated that overexpression of SUMO1 only slightly affected the malignant phenotype of HCC stem cells, including stemness maintenance and EMT ([Fig. 5A and B](#f5-ijo-57-03-0780){ref-type="fig"}), wound healing ([Fig. 5C and G](#f5-ijo-57-03-0780){ref-type="fig"}), migration ([Fig. 5D and H](#f5-ijo-57-03-0780){ref-type="fig"}) and angiogenesis ([Fig. 5E](#f5-ijo-57-03-0780){ref-type="fig"}). In addition, overexpression of SUMO1 did not significantly affect the sensitivity of HCC stem cells to HSVtk/GCV ([Fig. 5F and I](#f5-ijo-57-03-0780){ref-type="fig"}).

Overexpression of SENP1 partially antagonizes the effect of Dex on the malignant phenotype of HCC stem cells
------------------------------------------------------------------------------------------------------------

Next, the effects of SENP1 overexpression on malignant phenotypic changes of HCC stem cells induced by Dex were examined. Compared with normal HCC stem cells, HCC stem cells overexpressing SENP1 exhibited a stronger stemness maintenance ability and partially inhibited EMT ([Fig. 6A and B](#f6-ijo-57-03-0780){ref-type="fig"}), enhanced wound healing ([Fig. 6C and G](#f6-ijo-57-03-0780){ref-type="fig"}), increased migration ([Fig. 6D and H](#f6-ijo-57-03-0780){ref-type="fig"}) and angiogenesis ([Fig. 6E](#f6-ijo-57-03-0780){ref-type="fig"}) under Dex treatment. More importantly, overexpression of SENP1 decreased the sensitivity of HCC stem cells to HSVtk/GCV when combined with Dex treatment ([Fig. 6F and I](#f6-ijo-57-03-0780){ref-type="fig"}).

Overexpression of SUMO1 decreases the sensitivity of HCC stem cells to HSVtk/GCV when combined with Dex in vivo
---------------------------------------------------------------------------------------------------------------

Finally, the effects of SUMO1 overexpression combined with Dex on the sensitivity of HCC stem cells to HSVtk/GCV were observed in a tumor-bearing mouse model. Although administration of HSVtk/GCV or Dex alone inhibited the growth of subcutaneous HCC tumors and caused tumor cell apoptosis, the tumor continued to grow until the tumor-bearing mice were sacrificed ([Fig. 7A-D](#f7-ijo-57-03-0780){ref-type="fig"}). However, upon combined application of SUMO1 and Dex, the sensitivity of HCC stem cells to HSVtk/GCV was reduced, which was characterized by accelerated tumor growth and lower rate of tumor cell apoptosis ([Fig. 7A-D](#f7-ijo-57-03-0780){ref-type="fig"}).

Discussion
==========

HCC is the main histological subtype of liver cancer, accounting for 90% of primary liver cancers ([@b1-ijo-57-03-0780]). In recent years, the incidence rate of HCC in China has gradually increased, which has been attracting increasing attention ([@b29-ijo-57-03-0780]). Due to the structural features of the rich liver blood transport and the powerful compensatory function, liver cancer grows rapidly and is prone to metastasis. Therefore, the clinical diagnosis mostly occurs in the mid- and late stages of the disease, when the opportunity for surgical resection has been missed and the prognosis is poor ([@b30-ijo-57-03-0780]). Surgical resection and liver transplantation are the main methods for treating liver cancer, but intrahepatic metastasis and postoperative recurrence adversely affect the prognosis ([@b31-ijo-57-03-0780],[@b32-ijo-57-03-0780]). Liver transplantation is often abandoned due to the shortage of liver donors. Therefore, it is crucial to explore new methods for treating liver cancer based on traditional surgery, chemotherapy, radiotherapy, as well as other treatment strategies.

HSVtk/GCV systems have been highly anticipated for the treatment of multiple solid tumors, including breast cancer, gastric cancer, brain tumors and HCC ([@b33-ijo-57-03-0780]-[@b35-ijo-57-03-0780]). Theoretically, HSVtk catalyzes GCV phosphorylation, and then phosphorylated GCV binds to DNA polymerase, interrupting the DNA replication process, hindering cell division and, therefore killing tumor cells. However, the discovery of cancer stem cells has uncovered a weakness of the HSVtk/GCV system, as it cannot kill cells in the G~0~ phase. Improving the therapeutic sensitivity of HSVtk/GCV in cancer stem cells has come to represent a new challenge.

Dex has been widely used in clinical practice for several years. In recent years, it has been reported that this drug affects glucose metabolism in HCC cells and inhibits tumor growth ([@b36-ijo-57-03-0780]-[@b38-ijo-57-03-0780]). However, whether Dex can be combined with other chemotherapeutic drugs to treat tumors has been a subject of debate among clinicians. Therefore, Dex was combined with HSVtk/GCV to assess its therapeutic effect on HCC stem cells in the present study.

The survival of tumor stem cells under hypoxic conditions is dependent on stable expression of the HIF-1α protein, and their stemness maintenance is dependent on stable Oct4 expression in the nucleus ([@b39-ijo-57-03-0780],[@b40-ijo-57-03-0780]). The stable presence of HIF-1α and Oct4 in the nucleus is known to depend on a dynamic equilibrium state mediated by ubiquitin and SUMO modification ([@b41-ijo-57-03-0780]). Typically, ubiquitin modification mediates degradation of target proteins, whereas SUMO modification antagonizes this process ([@b42-ijo-57-03-0780]). However, whether Dex can change the stable forms of HIF-1α and Oct4 proteins in cells by affecting this dynamic balance remains unknown.

In the present study, HCC stem cells and BMSCs were first treated with low- and high-dose Dex to assess the effects. Although high-dose Dex induced aging of HCC stem cells, it also induced severe aging of BMSCs, suggesting that high-dose Dex causes abnormalities in mesenchymal stem cells, leading to serious side effects. Therefore, subsequent experiments used low-dose Dex to treat HCC stem cells to avoid adverse reactions. Next, the effect of low-dose Dex on the malignant phenotype of HCC stem cells were observed. The results demonstrated that low-dose Dex inhibited the malignant phenotype of HCC stem cells, particularly by increasing their sensitivity to HSVtk/GCV. We then examined the effect of Dex on the expression of HIF-1α and Oct4 proteins. The results revealed that low-dose Dex reduced the degree of SUMOylation of both HIF-1α and Oct4, increased their degradation, and inhibited their translocation from the cytoplasm to the nucleus, thereby reducing their accumulation and stable presence in the nucleus and ultimately reducing hypoxia tolerance and stemness maintenance potential.

To investigate the effect of low-dose Dex on the sensitivity of HCC stem cells to HSVtk/GCV, gene transduction was used to obtain HCC stem cells overexpressing SUMO1. First, it was observed that overexpression of SUMO1 only mildly affected the malignant phenotype of HCC stem cells, but increased their therapeutic sensitivity to HSVtk/GCV *in vitro* and *in vivo*. More importantly, overexpression of SUMO1 partially antagonized the effect of Dex on the malignant phenotype of HCC stem cells and further increased their sensitivity to HSVtk/GCV. Therefore, Dex inhibited stemness maintenance and enhanced chemosensitivity of HCC stem cells by inducing deSUMOylation of HIF-1α and Oct4 ([Fig. 8](#f8-ijo-57-03-0780){ref-type="fig"}).

These results may enable a better understanding of the mechanism through which Dex enhances the therapeutic sensitivity of HCC stem cells to HSVtk/GCV from the perspective of protein ubiquitination and SUMO modification equilibrium. However, Dex increases the sensitivity to chemotherapy drugs, while partially restoring the malignant phenotype of HCC stem cells. In conclusion, the combined application of Dex and other chemotherapeutic drugs requires further extensive research in order to improve its strengths and limit or avoid adverse effects.
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![Successful isolation and identification of HCC stem cells. (A) CD133^+^/CD44^+^ cells were capable of forming a large number of suspended cloned spheres. Conversely, other cells did not form cloned spheres (scale bar, 50 *µ*m). Expression of SOX2 and Oct4 was examined by (B) immunofluorescence (scale bar, 50 *µ*m) and (C) western blotting. Data are shown as means ± SD (n=3). ^\*^P\<0.05 compared with the CD133^+^/CD44^+^ group (Student\'s t-test). HCC, hepatocellular carcinoma; SOX2, sex-determining region Y-box2; Oct4, octamer-binding transcription factor 4.](IJO-57-03-0780-g00){#f1-ijo-57-03-0780}

![High-dose Dex damages mesenchymal stem cells and produces strong side effects. (A) HCC stem cells were treated with various concentrations of Dex and their morphological changes were observed under a microscope (scale bar, 20 *µ*m). (B) The effects of various doses of Dex on BMSC cytotoxicity were assessed by morphological changes (scale bar, 50 *µ*m) and (C) LDH assay. Data are shown as means ± SD (n=3). ^\*^P\<0.05 compared with the control group (Student\'s t-test). HCC, hepatocellular carcinoma; Dex, dexamethasone; BMSC, bone marrow stem cell; LDH, lactate dehydrogenase.](IJO-57-03-0780-g01){#f2-ijo-57-03-0780}

![Low doses of Dex suppressed the malignant behavior of HCC stem cells and increased chemosensitivity. (A) The expression of stemness markers and major epithelial-to-mesenchymal transition-associated proteins was examined by western blotting. (B and E) The effects of low-dose Dex on the malignant behavior of HCC stem cells were analyzed by wound healing (scale bar, 50 *µ*m), (C and F) invasion (scale bar, 50 *µ*m), (D) angiogenesis (scale bar, 20 *µ*m) and (G and H) apoptosis assays. Data are shown as means ± SD (n=3). ^\*^P\<0.05 compared with the control group (Student\'s t-test). HCC, hepatocellular carcinoma; Dex, dexamethasone.](IJO-57-03-0780-g02){#f3-ijo-57-03-0780}

![Low doses of Dex reduced SUMOylation of target proteins and inhibited nuclear translocation of HIF-1α and Oct4. (A) The effects of Dex on protein expression of SUMO1, HIF-1α and Oct4 were examined by western blotting. (B) The effects of Dex on the expression and cytoplasmic shift of SUMO1 and HIF-1α were analyzed by immunofluorescence (scale bar, 20 *µ*m). (C) The effects of Dex on expression and cytoplasmic shift of SUMO1 and Oct4 were analyzed by immunofluorescence (scale bar, 20 *µ*m). Data are shown as means ± SD (n=3). ^\*^P\<0.05 compared with the control group (Student\'s t-test). Dex, dexamethasone; SUMO, small ubiquitin-like modifier; HIF-1α, hypoxia inducible factor-1α; Oct4, octamer-binding transcription factor 4.](IJO-57-03-0780-g03){#f4-ijo-57-03-0780}

![Overexpression of SUMO1 slightly affects the malignant phenotype of HCC stem cells. (A and B) The effects of SUMO1 overexpression and Dex or their combination on stemness maintenance and EMT-related protein expression of HCC stem cells were examined by western blotting. The malignant phenotypes caused by SUMO1 overexpression and Dex or their combination were examined by (C and G) wound healing (scale bar, 50 *µ*m), (D and H) invasion (scale bar, 50 *µ*m), (E) angiogenesis (scale bar, 20 *µ*m), and (F and I) apoptosis assays. Data are shown as means ± SD (n=3). ^\*^P\<0.05 compared with the control group (Student\'s t-test). SUMO, small ubiquitin-like modifier; HCC, hepatocellular carcinoma; EMT, epithelial-to-mesenchymal transition; Dex, dexamethasone.](IJO-57-03-0780-g04){#f5-ijo-57-03-0780}

![Overexpression of SENP1 partially antagonizes the effect of Dex on the malignant phenotype of HCC stem cells. (A and B) The effects of SENP1 overexpression and Dex or their combination on stemness maintenance and epithelial-to-mesenchymal transition-related protein expression of HCC stem cells were examined by western blotting. The malignant phenotypes caused by SENP1 overexpression and Dex or their combination were examined by (C and G) wound healing (scale bar, 50 *µ*m), (D and H) invasion (scale bar, 50 *µ*m), (E) angiogenesis (scale bar, 20 *µ*m) and (F and I) apoptosis assays. Data are shown as means ± SD (n=3). ^\*^P\<0.05 compared with the control group (Student\'s t-test). SENP1, SUMO1/sentrin-specific peptidase 1; HCC, hepatocellular carcinoma; Dex, dexamethasone.](IJO-57-03-0780-g05){#f6-ijo-57-03-0780}

![Overexpression of SUMO1 decreases the sensitivity of HCC stem cells to HSVtk/GCV when combined with dexamethasone in vivo. (A) Subcutaneous tumors were dissected from nude mice and photographed. (B) Tumor volumes were measured every 3 days for 28 days. (C) Tumors were weighted immediately after dissection from nude mice. (D) Apoptosis in tumor xenograft sections was detected by TUNEL staining (scale bar, 20 *µ*m). Data are shown as means ± SD (n=3). ^\*^P\<0.05 compared with the control group (Student\'s t-test). SUMO, small ubiquitin-like modifier; HCC, hepatocellular carcinoma; HSVtk/GCV, herpes simplex virus thymidine kinase/ganciclovir drug system.](IJO-57-03-0780-g06){#f7-ijo-57-03-0780}

![Schematic summary of the findings of the present study. Dex inhibited stemness maintenance and enhanced the chemosensitivity of hepatocellular carcinoma stem cells by inducing deSUMOylation of HIF-1α and Oct4. SUMO, small ubiquitin-like modifier; Dex, dexamethasone; HIF-1α, hypoxia inducible factor-1α; Oct4, octamer-bindingtranscription factor 4.](IJO-57-03-0780-g07){#f8-ijo-57-03-0780}
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